Introduction
The GLI Similar 1-3 (GLIS) proteins form a subfamily of Krüppel-like zinc finger transcription factors that are closely-related to the GLI and ZIC subfamilies (1) (2) (3) (4) (5) (6) (7) (8) . Members of these three subfamilies share a highly homologous DNA binding domain (DBD) consisting of five Cys 2 His 2 -type zinc finger motifs. However, these proteins exhibit little homology outside their DBD region.
The DBD mediates the interaction of GLIS1-3 to GLIS binding sequences, referred to as GLISBS, in Figure 1 can undergo a number of posttranslational modifications, including ubiquitination, methylation, phosphorylation, and sumoylation, that can influence their subcellular localization, protein stability, protein-protein interaction, and/or transcriptional activity (13) (14) (15) (16) . However, rather little is known about the upstream signaling pathways (e.g., protein kinases) that regulate GLIS1-3 activity. GLIS1-3 have been reported to play a critical role in the regulation of many physiological processes and are implicated in various pathologies (6, 7) . Deficiency in GLIS3 causes abnormalities in multiple tissues, including development of neonatal diabetes, congenital hypothyroidism, polycystic kidney disease, infertility, and several neurological disorders (7, 8, (17) (18) (19) (20) (21) (22) (23) . GWAS studies have linked single nucleotide polymorphisms (SNPs) in GLIS3 to increased risk for type 1 as well as type 2 diabetes (24, 25) . GLIS3 is a critical regulator of insulin gene expression and essential for pancreatic β-cell generation, thyroid hormone biosynthesis, the maintenance of normal kidney functions and normal spermatogenesis (8, 23) . Deficiency in GLIS2 leads to the development of nephronophthisis, a cystic renal disease characterized by renal atrophy, fibrosis, and inflammation (5, 18) . The fibrosis appears to involve epithelial-mesenchymal transition (EMT) of renal epithelial cells. A translocation involving GLIS2 has been implicated in acute myeloid leukemia (26) (27) (28) .
Beyond its role in reprogramming, relatively little is known about the biological functions of GLIS1 (29) . GWAS studies reported an association between SNPs in GLIS1 and increased risk of autism spectrum disorder and Alzheimer's disease (30, 31) .
Recent studies demonstrated that GLIS1-3 are expressed in a number of stem/progenitor cell populations, suggesting a possible role for these proteins in the regulation of maintenance, differentiation, or self-renewal of these cells. In this report, we present a short overview of the function of GLIS1 in reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) and the emerging roles of GLIS proteins in several stem/progenitor cell populations.
GLIS1 as pro-reprogramming factor
It has been now well-established that iPSCs can be generated from multiple somatic cell types (32, 33) . This, together with the establishment of protocols that enable PSCs and iPSCs to differentiate into a variety of differentiated cell types of all three germ layers, including pancreatic β cells, cardiomyocytes, and various immune and neuronal cell types, has greatly enhanced the interest in the potential of stem cell therapies and regenerative medicine. Although many safety concerns remain, including tumor formation and immune rejection, the generation of progenitor and differentiated cell types from patienthistocompatible (autologous or HLA-matched) iPSCs should reduce complications by host immune responses.
Initial overexpression of OCT3/4 (POU5F1), SOX2, and KLF4 (OSK) are widely used for the reprogramming of somatic cells into iPSCs (32) . However, the efficiency of generating iPSCs is very low, which has been attributed to difficulties in overcoming epigenetics barriers in the starting cell (33) . Co-expression of C-MYC increases the efficiency, but also enhances the potential tumorigenicity of iPSC-derived differentiated cells. Recently, using a screen analyzing 1,437 transcription factors for their ability to promote reprogramming efficiency, GLIS1 was found to greatly enhance the number of iPSC colonies generated when co-expressed with OSK (referred to as OSKG) in either human or mouse dermal fibroblasts (29, 34) . Inversely, down-regulation of GLIS1 expression by shRNAs reduced the OSK-induced generation of iPSC colonies in mouse fibroblasts suggesting that endogenous GLIS1 is able to promote OSK-mediated reprogramming. The iPSCs derived from OSKG reprogramming exhibited a similar morphology and expressed many of the PSC marker genes, including NANOG, ZFP42 (REX1), SOX2, and OCT3/4. Moreover, subcutaneous transplantation of OSKG iPSCs formed teratomas containing differentiated cells from all three germ layers. These data demonstrated that GLIS1 functions as a strong promoter of somatic cell reprogramming. It was further shown that GLIS1 co-purified with OCT3/4, SOX2, and KLF4 suggesting that it is part of a larger complex of these proteins (29) . Deletion analysis indicated that the zinc finger domain and N-terminus of GLIS1 were required for its interaction with KLF4. Whether these transcriptional regulators bind to their own enhancer sequences and interact with each other via co-activator complexes and whether this involves looping of chromatin in order to bring DNA-bound transcriptional complexes closer together needs further study.
The increase in reprogramming efficiency by GLIS1 was also demonstrated by Yoshioka et al. employing a different strategy to generate iPSCs using a modified Venezuelan equine encephalitis (VEE) RNA virus expressing OCT4, SOX2, KLF4 and GLIS1 (OSKG) (35) . This virus has the advantage that it does not use a DNA intermediate for replication, thereby eliminating the potential for genomic integration and instability. Transfection with VEE-OSKG enhanced the generation of iPSC clones. The VEE-OSKGinduced iPSCs exhibited many hallmarks of embryonic stem cells and in vivo generated tissues from all three germ layers.
The p53 pathway has been reported to suppress OSK-mediated reprogramming in mouse and human fibroblasts (36) ; however, the increase in reprogramming efficiency by GLIS1 was found to be independent of the p53 pathway (29) . Gene profiling analysis demonstrated that GLIS1 significantly increased the expression of several genes that were previously reported to enhance reprogramming, including the estrogen-related receptor β (ESRRB1), lin-28 homologue (LIN28A), v-Myc avian myelocytomatosis viral oncogene neuroblastoma and lung carcinoma derived homologs (MYCN and MYCL, respectively), tetraspanin 18 (TSPAN18), neurogranin (NRGN), several Wnt genes (WNT3, WNT6, WNT8A, WNT10A), and forkhead box A2 (FOXA2) (29) . During the generation of iPSCs from fibroblasts by OSK, mesenchymal-epithelial transition (MET) is required for reprogramming (37) . Several genes related to MET were found to be regulated by GLIS1, including increased expression of FOXA2, an inhibitor of epithelial-mesenchymal transition (EMT). ChIP analysis indicated that MYCN and MYCL were regulated directly by GLIS1, whereas FOXA2, as well as ESRRB1 and LIN28A transcription were regulated by an indirect mechanism. Together, these findings suggest that GLIS1 is able to enhance the generation of iPSCs by stimulating several proreprogramming pathways, including WNT signaling and MET related genes, some of which are regulated directly by GLIS1. The proto-oncogene C-JUN has been shown to be induced during the differentiation of PSCs into endoderm and down-regulated during reprogramming of fibroblasts into iPSCs, indicating that its expression inversely correlates with pluripotency (38) . This is further supported by data showing that ectopic expression of C-JUN in mouse pluripotent stem cells (mPSCs) suppresses the expression of pluripotent marker genes and induces the expression of mesenchymal-lineage associated genes and differentiation along the endoderm lineage. Inversely, inhibition of C-JUN expression by shRNAs or inhibition of C-JUN function by expressing a dominant-negative C-JUN enhances iPSC reprogramming. Similarly, expression of Jun dimerization protein 2 (JDP2), a repressor of C-JUN mediated transactivation, promotes OSKM-mediated reprogramming and can substitute for OCT3/4. Moreover, JDP2 together with lysine demethylase KDM2B (JHDM1b), ID1/3, the nuclear receptor LRH1 (NR5A2), Spalt Like Transcription Factor 4 (SALL4), and GLIS1 are sufficient to reprogram fibroblasts, thereby providing an alternative approach to generate iPSCs (38) . As observed for OSK-mediated reprogramming, GLIS1 is not a strict requirement, but greatly promotes reprogramming.
GLIS2 and pluripotent stem cells
Cytosine-phosphate-Guanine (CpG) islands (CGIs), regions enriched in CpG sites, are often associated with the promoter of many mammalian genes (39) . Methylation of cytosines in CpGs by DNA methyltransferases plays a critical role in the epigenetic regulation of gene expression and in stable gene silencing. Comparison of genome-wide CGI methylation analysis of hPSC lines and somatic tissues identified a CpG methylation signal specific for hPSCs (40) . Many of the PSC-specific methylation sites were associated with transcriptional repressors and activators. GLIS2 was among the genes in which a PSC-associated CGI was consistently unmethylated in hPSCs and methylated in somatic tissues. However, no correlation was found between this CGI and the expression pattern of GLIS2. Knockdown of GLIS2 expression by siRNA in hPSCs was accompanied by a down-regulation of the pluripotent marker genes, OCT4, SOX2, and NANOG, and increased expression of endoderm-related genes, including HNF4α, GATA6, and α-fetoprotein (AFP), as well as several trophoblastassociated genes. Although GLIS2 binding sites are present in OCT4 and NANOG, whether these genes are directly regulated by GLIS2 requires further study. Together, these findings indicate that down-regulation of GLIS2 expression induces loss of the stem cell phenotype and suggest that GLIS2 might be playing a role in maintaining the pluripotent state of PSCs. However, in contrast to GLIS1, GLIS2 had no significant effect on the generation of iPSC colonies when expressed together with the programming factors OCT4, SOX2, KLF4, L-MYC, a p53 shRNA, and LIN28 in human dermal fibroblasts (40) . Knockdown of OCT4 in hPSCs reduces GLIS2 expression suggesting that GLIS2 transcription might be regulated by OCT4. This was supported by GLIS2 promoter sequence analysis showing the presence of OCT4 binding sites and ChIP-qPCR data demonstrating OCT4 occupancy at the GLIS2 promoter region. Thus, epigenetic and transcriptional regulation of GLIS2 might contribute to the maintenance of the pluripotent state in hPSCs.
GLIS2 and hematopoietic stem cells (HSCs)
HSCs constitute a functionally heterogeneous cell population with respect to their self-renewal, life span, and differentiation capabilities (41) . Transplanted HSCs can reconstitute the entire hematopoietic system and are being used in curative therapy for several blood and immune diseases, including leukemia and myeloma. Since the number of HSCs for transplantation can be limited, many studies have been focusing on improving the efficiency of HSC transplantation. In a strategy to identify genes that improve in vivo repopulation ability of HSCs, GLIS2 was identified as one of several genes required for optimal repopulation (42) . GLIS2 was found to be expressed in the Lineage -SCA-1 + C-KIT + (LSK) subpopulation of hematopoietic precursors, but not in Lineagepopulations that were either SCA-1 − C-KIT + or SCA-1 − C-KIT − . Downregulation of GLIS2 expression by shRNA in murine LSK cells caused a reduction in their repopulation potential when transplanted into lethally irradiated mice. Downregulation of GLIS2 was associated with increased apoptosis, inhibition of HSC differentiation, and decreased cell survival downstream of HSCs. These observations suggested that GLIS2 contributes positively to HSC repopulation activity.
Recently, translocations involving the GLIS2 and CBFA2/RUNX1 Translocation Partner 3 (CBFA2T3 or ETO2) genes has been linked to a subtype of pediatric acute megakaryoblastic leukemia (AMKL) (26) (27) (28) 43) . These translocations result in high expression of a CBFA2T3-GLIS2 fusion protein. Ectopic expression of CBFA2T3-GLIS2 or GLIS2 in murine hematopoietic progenitors causes a significant increase in the number of both immature CD41 + C-KIT + and maturing CD41 + CD42 + megakaryocytes; however, the number of CD41 + CD42 + cells was several-fold higher in GLIS2 expressing cells than in CBFA2T3-GLIS2 expressing cells (44) . The latter suggests that GLIS2 promotes megakaryocytic differentiation, whereas CBFA2T3-GLIS2 favors maintaining the immature stage. A different study showed that both CBFA2T3-GLIS2 and GLIS2 expression can increase self-renewal capacity in hematopoietic progenitors (26) . Together, these findings show that CBFA2T3-GLIS2 enhances self-renewal and inhibits differentiation, whereas ectopic GLIS2 expression has a variable effect on self-renewal and promotes megakaryocytic differentiation. Based on these observations one might conclude that the development of AMKL in patients with CBFA2T3-GLIS2 translocations is related to increased self-renewal of hematopoietic progenitors and an inhibition of normal hematopoietic differentiation. development, as well as in the adult, GLIS3 is expressed in various stem and progenitor cells, including bipotent pancreatic progenitors and spermatogonial stem cells (SSCs), suggesting that GLIS3 may have a regulatory function in these cells (6, 7, 23, (45) (46) (47) . Recently, using a computational approach to identify core transcription factors that control cell identity, GLIS3 was identified as one of the factors predicted to promote reprogramming of human fibroblasts into retinal pigmented epithelial (RPE) cells (47) . The investigators then demonstrated that lentiviral expression of GLIS3, in combination with that of the transcription factors PAX6, OTX2, MITF, SIX3, and FOXD1, was able to promote reprogramming of human foreskin fibroblasts into RPE-like cells consistent with a regulatory role for GLIS3 in cell lineage determination.
Role of GLIS3 in SSCs
GLIS3 was recently identified as a key regulator of early stages of spermatogenesis and shown to have a critical function in SSCs (23) . In mammalian testes, SSCs arise from non-mitotic gonocytes after they migrate to the basement membrane compartment of seminiferous tubules shortly after birth. Vitamin A and its derivatives, anti-Mullerian hormone (AMH) and FGF signaling are involved in the regulation of the gonocyte to SSC transition (48) (49) (50) . The differentiation of gonocytes into SSCs is marked by the translocation of the transcription factor FOXO1 from the cytoplasm to the nucleus. FOXO1 remains expressed in undifferentiated spermatogonia, but is not present in C-KIT + differentiated spermatogonia (51) .
SSCs are defined by the expression of inhibitor of DNA binding 4 (ID4) and paired box 7 (PAX7) (48, 52, 53) . SSCs have an extensive self-renewal capacity and provide a source for the production of spermatozoa throughout life (54) (55) (56) (57) (58) . Thus, preserving the delicate balance between self-renewal and differentiation is necessary for maintaining the pool of SSCs as well as for the continuous generation of mature spermatogonia. Fibroblast growth factor 2 (FGF2), produced by several testicular cell types, and glial cell line-derived neurotrophic factor (GDNF), produced by Sertoli cells, are critical for SSC self-renewal (48, 54, 55, 59) . GDNF through its interaction with the GDNF receptor complex, consisting of C-RET and the GDNF family receptor α1 (GFRα1), activates the PI3K/AKT pathway and induces the expression of several genes, including the RNA-binding protein NANOS2, LHX1, ETV5 and POU3F1, all of which support self-renewal. In addition to these factors, the Krüppel-type transcription factor, zinc finger and BTB domain containing 16 (ZBTB16, also named PLZF) also plays a role in the control of SSC selfrenewal (48, 60) . The SSCs can convert into spermatogonial progenitor cells (SPCs), which together are also referred to as undifferentiated spermatogonia. Inhibin beta A subunit (INHBA, also referred to as Activin A), bone morphogenetic protein 4 (BMP4), and neuregulin 1 (NRG1) have been implicated in regulating this differentiation (48, 54, 55, 59) . Based on their morphological characteristics SPCs are classified into A-single cell (A s ), A-paired (A pr ) and A-aligned (A al4 , A al8 , A al16 ) spermatogonia. A subpopulation of A s cells is believed to function as SSCs (48, 54, 55, 61) . The A pr and A al4-al16 transient amplifying cells are irreversibly committed to differentiation. This is associated with a gradual loss in self-renewal capacity and reduced expression of GFRα1 and NANOS2. The loss of the expression of these genes and that of FOXO1, PLZF, and E-cadherin (CDH1), together with the induction of C-KIT mark the differentiation of SPCs into differentiated spermatogonia, which subsequently undergo meiosis leading ultimately to the formation of mature spermatozoa.
In the developing testis, GLIS3 exhibits a specific spatiotemporal pattern of expression (23) . GLIS3 mRNA expression was detected in the testis cord at E15.5 of mouse development and in early postnatal testis. GLIS3 protein is present at early stages of spermatogenesis, but undetectable in adult testis. At postnatal day 1 (PND1), GLIS3 protein is restricted to germ cells and only expressed in gonocytes, but not in somatic cells, including Sertoli and Leydig cells (23) . At PND4 and 7, GLIS3 remains expressed in SSCs and PSCs; however, its level gradually decreases in A al4-al16 SPCs and GLIS3 is no longer expressed in C-KIT + differentiated spermatogonia. During SPC differentiation the decrease in GLIS3 protein expression occurs after the repression of GFRα1 and before the down-regulation of PLZF (Figure 2) . Its expression pattern is consistent with the hypothesis that GLIS3 has regulatory functions in gonocytes, SSCs, and SPCs.
Study of the effect of GLIS3-deficiency on neonatal testis development showed that at birth the number of gonocytes was only slightly reduced in testes of Glis3KO mice compared to WT mice, whereas the number of GFRα1 + and PLZF + SSCs and SPCs was significantly decreased in testes from PND7 Glis3KO mice (23) . The loss of SSCs and SPCs appeared not to be due to increased apoptosis, but related to reduced proliferation and differentiation. As a consequence, this leads to a dramatic reduction in the generation of C-KIT + differentiated spermatogonia as well as the subsequent development of spermatids and spermatozoa. Analysis of the subcellular localization of FOXO1 protein, which marks the gonocyte-SSC transition, showed that GLIS3-deficiency greatly impairs the translocation of FOXO1 to the nucleus suggesting that the reduced number of SSCs and SPCs in Glis3KO testes might in part be related to an inhibition of the differentiation gonocytes into SSCs. These observations suggest that GLIS3 might play a role in the regulation of the gonocyte-SSC transition.
Gene profiling analysis showed that at PND7 a large number of genes were dramatically decreased in Glis3KO testis compared to WT testis (23) . These included several genes associated with SSC self-renewal and SPC differentiation, such as ETV5, RET, LHX1, POU5F1, BRACHYURY, SALL4, BCL6B, PIWIL4, GFRα1, and PLZF (23). Among them, ETV5, BCL6B, LHX1, and BRACHYURY are known downstream targets of the GFRΑ1/RET pathway. These results support a role for GLIS3 in SSC self-renewal and SPC differentiation. This might in part be related to the reduced expression of GFRα1, which is important in self-renewal and the generation of SPCs. These observations indicate that GLIS3 plays a critical role in the generation of SSCs and SPCs and is essential for spermatogenesis and male fertility. Identification of genes that are directly regulated by GLIS3, may provide greater insights into the molecular mechanism by which GLIS3 regulates the early stages of neonatal spermatogenesis.
GLIS3 function during pancreas development
A role for GLIS3 in pancreatic β-cells became first apparent from a study of human patients, in whom deletions in and around the GLIS3 gene were linked to a syndrome referred to as neonatal diabetes and congenital hypothyroidism (NDH), in 3 consanguineous families (17) . More recently, additional deletions and point mutations in GLIS3 have been identified in individuals with NDH (22, 62) . In addition, a number of GWAS studies have linked SNPs in GLIS3 to Type 2 diabetes (63-66), Type 1 diabetes (24, 67) , and with abnormal β-cell function (25, (68) (69) (70) . Interestingly, GLIS3 is one of only a handful of genes that has been linked to both Type 1 and Type 2 Diabetes (71), highlighting its possible critical role in the control of both β-cell function and survival. This was further supported by the study of GLIS3-deficient mice, which develop hyperglycemia and hypoinsulinemia due to aberrant β cell generation and insulin gene expression (6, 20, 45, (72) (73) (74) (75) .
Development of the mouse pancreas begins with a dorsal and ventral outgrowth from the pancreatic progenitor cells in dorsal foregut endoderm [reviewed in (76) (77) (78) ]. Both outgrowths follow a similar lineage commitment, with branching morphogenesis leading by E12.5 to distinct cell populations in the "tip" and "trunk" compartments. The tip region contains multipotential pancreatic cells (MPCs), defined by their co-expression of PDX-1, PTF1A, NKX6.1, SOX9, and HNF1β, which can generate all pancreatic cell types and control overall pancreas size (79) . By E14.5, these cells largely switch to a pro-acinar program and subsequently differentiate to mature acinar cells. The trunk domain, in which PDX1 + SOX9 + HNF1β + NKX6.1 + PTF1A − bipotent progenitor cells reside, will give rise to both preductal cells, which subsequently differentiate into mature pancreatic ductal cells, and pro-endocrine cells. The latter will give rise to all 5 different lineages of hormoneproducing endocrine cells (Figure 3) . GLIS3 expression is first observed at the protein level in this trunk domain, but is never observed in the PTF1A + tip domain (45) . Although little is known about the mechanism that induces GLIS3 expression, the transcription factors HNF1β has been implicated in the regulation of GLIS3 transcription (80) . Subsequently, during a period known as the "secondary transition", cells within this trunk domain will make a lineage fate decision between ductal cells and endocrine cells, a process that is not totally understood. Induction of neurogenin 3 (NGN3) is linked to the commitment of bipotent progenitors to the pro-endocrine lineage (76) (77) (78) . Notch signaling is thought to play an important role in this decision (81, 82) , possibly through upregulation of HES1, which by repressing NGN3 expression promotes ductal cell differentiation (76, (83) (84) (85) (86) . Unlike several transcription factors that are restricted to either the ductal cells (such as HES1) or endocrine cells (such as NGN3), GLIS3 remains expressed in both endocrine and ductal cells (45, 84, 87) . The latter indicates that GLIS3 may not play a major role in the duct/proendocrine lineage fate decision.
GLIS3 knockout mice appear grossly normal, but develop severe hyperglycemia soon after birth and die within 10 days (7, 20, 21, 74) . Interestingly, overall pancreas size does not appear to be affected in knockout mice, supporting the observation that GLIS3 is not expressed in the MPCs that determine pancreas organ size (20, 79) .
However, these mice do show a reduction in the number of all endocrine cell types as well as islets, suggesting that GLIS3 could play important roles in early pro-endocrine cell development. This is supported by findings showing that GLIS3 is expressed during this stage of lineage decision and participates in the direct regulation of NGN3 expression, which is essential for pro-endocrine cell development (20, 45, 88) . Mice lacking NGN3 fail to develop all endocrine lineages (89) , therefore, the reduced expression of NGN3 in GLIS3 knockout mice might at least in part explain the reduction in the number of islets and endocrine cells in these mice. Pro-endocrine cells delaminate from the trunk domain and form islet clusters through a poorly understood mechanism involving an EMT (90, 91) . During endocrine lineage determination, GLIS3 remains expressed in the insulin-producing β-cells and pancreatic polypeptide (PPY)-producing (PP) cells and becomes repressed in the other endocrine cell types. Whether GLIS3 plays any role in endocrine lineage determination requires further study. In pancreatic β and PP-cells, GLIS3 expression is maintained into adulthood, suggesting that GLIS3 has additional roles in regulating certain functions in these cells postnatally. This is supported by studies showing that GLIS3 is able to induce INS2 and PPY expression in cell lines and regulates INS2 directly by binding GLISBS sites in the INS2 proximal promoter (11, 45, 72, 73) . Collectively, these data indicate that GLIS3 has two important functions in pancreatic islets. An early role in promoting the bipotent progenitor-pro-endocrine cell transition, which involves direct regulation of NGN3 (and possibly other genes), and a role in mature β-cells where it is involved in maintaining β-cell identity and function as well as the regulation of INS2 expression ( Figure 3 ). In addition, GLIS3 might also have a role in regulating the proliferation and survival of endocrine progenitors and or immature β cells.
Conclusions or future perspectives
As we have reviewed here, GLIS proteins have a variety of functions, both in stem cell maintenance and differentiation, and in the development of various tissues. GLIS1 greatly enhances reprogramming efficiency, whereas GLIS2 seems to have a role in regulating stem cell maintenance and differentiation in PSCs and hematopoietic precursors. GLIS3 plays a critical role in the development and maintenance of several different tissues. GLIS3 is essential for SSC renewal and differentiation, and seems to have a still largely undefined function in pancreatic bipotent progenitors. Moreover, GLIS3 plays key role in the generation of pancreatic pro-endocrine and endocrine cells, particularly insulin-producing β cells. A better understanding of the regulation of gene expression/transcription by GLIS proteins will provide greater insights into the mechanisms by which they control various biological processes and their roles in disease. GLIS proteins undergo a number of posttranslational modifications that might influence their interactions with other proteins, protein stability, and their transcriptional activity. The identification of the upstream signaling pathways that regulate GLIS activity will provide not only greater insights into the mechanism of action of GLIS proteins, but may also lead to new therapeutic strategies in the management of various diseases, in which GLIS proteins are implicated, such as diabetes.
